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ahe evolution of all noninvasive diagnostic tests ideally
roceeds in orderly stages, beginning with description and
nitial enthusiasm, followed by reassessment and re-
valuation, and finally clinical, research, and epidemiologic
pplication. However, for techniques such as echocardiog-
aphy that are widely available, that have no inherent
armful effects, and for which the requirements for proof of
fficacy are limited, clinical/research application often occurs
oincident with or may precede reassessment and re-
valuation, which often awaits the development of new or
mproved methods of analysis (the classic example being
itral valve prolapse). As a result, one often finds periods in
hich publications appear almost simultaneously by propo-
ents of a technique or application whereas others point out
ts limitations. Application before reassessment and refine-
ent is a particular problem in areas in which there is no
rue clinical gold standard or the reference method has its
wn limitations (e.g., mitral regurgitation). The year 2008
n particular was characterized by reassessment and re-
valuation in many areas, including: 1) the use of echo
oppler techniques to identify patients for cardiac resyn-
hronization therapy (CRT); 2) the role of left ventricular
orsion in the assessment of diastolic function; 3) contrast
chocardiography; and 4) the Doppler quantification of
itral regurgitation.
RT
ver the past several years, a number of echocardiographic
echniques and criteria have been reported to aid in the
dentification of patients most likely to respond to cardiac
esynchronization therapy before device implantation.
hese data in general arise from single-center studies, often
ith conflicting results, and there has been no general
greement on the ideal measurement technique, the criteria
or defining dyssynchrony (DYS), or the method/criteria for
efining a positive response to CRT. Two recent studies
ave raised additional questions about the utility of various
chocardiographic measures in predicting response to CRT.
n a prospective, multicenter setting, the PROSPECT
Predictors of Response to CRT) study examined 426 New
rom the Cardiac Ultrasound Laboratory, Massachusetts General Hospital, Boston,a
assachusetts.
Manuscript received January 12, 2009, accepted January 21, 2009.ork Heart Association (NYHA) functional class III or IV
atients with an ejection fraction (EF) 35% and a QRS
uration 130 ms (1). Echocardiographic data from 53
ontributing laboratories were analyzed in 3 core laborato-
ies (1 in the U.S., 1 in the United Kingdom, and 1 in Italy).
ntraobserver and interobserver variability were 3.6% and
4.5% for left ventricular (LV) end-systolic volume (ESV),
.7% and 6.5% for LV pre-ejection period, 24.3% and
2.1% for M-mode septal–posterior wall motion delay,
1.4% and 33.7% for the standard deviation of the interval
ime from the onset of the QRS to the time to peak systolic
elocity (Ts-SD) for 12 segments (6 basal and 6 midven-
ricular), and 15.8% and 31.9% for maximal difference in the
ime to peak systolic velocity for the 6 basal segments
Ts-peak [basal]). Two outcome measures were used: 1) a
linical composite score (CCS) that combined all-cause
ortality, heart failure (HF) hospitalizations, NYHA func-
ional class, and a patient global assessment; and 2) a
eduction of LVESV 15%. Initially, the core laboratories
dentified 20% of the enrolled subjects as having EFs that
xceeded the entry criteria. Although several parameters
redicted statistically significant improvement in clinical
nd reverse remodeling outcomes, sensitivity and specificity
ere modest. The highest area under the curve for the any
f the 12 methods tested was 0.60 for prediction of
mprovement by the CCS and 0.61 for a reduction of
VESV 15%. There was a relatively low yield and high
ariability in the tissue Doppler imaging (TDI) measures,
ith the percent of individual parameters deemed interpret-
ble ranging between 37% and 82%. As pointed out in the
ccompanying editorial, there are a number of problems
ith using TDI for timing measurements, including the
ifficulty in defining peak contraction in the relatively flat
elocity contour of the failing heart, signal noise, spatial and
emporal variation of the signal, and the fact that TDI
easures motion toward the transducer whether active or
assive (rocking motion or tethering) (2). The investigators
onclude that “current iterations of echocardiographic and
DI indexes of mechanical synchrony are unsuited to
veryday clinical use in CRT selection. These measurements
re too variable and their sensitivity is currently too low to
se in the hope of avoiding nonresponders. . .” (1).
Small single-center studies have also reported that TDI
nd other related techniques identify a significant percent-
ge of patients with HF and normal QRS intervals as having
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April 28, 2009:1558–67 Year in Echocardiographyyssynchrony and that these patients may benefit from
RT. In a prospective, randomized controlled study de-
igned to examine the value of resynchronization therapy in
atients with HF and normal (130 ms) QRS intervals
RETHINQ [REsynchronization THerapy IN normal
RS]), 172 patients were randomized equally to CRT and
ontrol groups. Echocardiographic evidence of mechanical
yssynchrony was an entry requirement, and dyssynchrony
ased on an increased septal–lateral wall delay by TDI 65
s was present in all patients in both groups. At 6 months,
here was no difference between the control and CRT
roups in the primary end point (an increase in peak oxygen
onsumption of at least 1.0 ml/kg/min), nor was there a
ignificant difference in other end points, including the
uality-of-life score, 6-min walk test, or LV reverse remod-
ling, although NYHA functional class improved in the
RT group. Thus, the study found no benefit of CRT in
atients with a QRS interval 130 ms who met TDI
riteria for dyssynchrony (3).
Although these studies seemingly question the accuracy
nd/or utility of echocardiographic/Doppler methods in
dentifying appropriate patients for CRT, it is important to
emember that factors other than the ability of the diagnos-
ic technique to accurately define dyssynchrony can be
esponsible for failure to respond to CRT. These include
reas of LV scar that cannot contract even if appropriately
aced and failure to position the pacing catheter adjacent to
he area of greatest contraction delay because of the LV
enous anatomy. Although scar in the area of dyssynchrony
as been shown by magnetic resonance imaging (MRI) to
e a cause of response failure with CRT, the demonstration
f preserved function in the dysynchronous region should
xclude scar and indicate the potential of the region to
ffectively contribute to global LV performance with appro-
riately timed contraction. In an attempt to assess the
otential for incremental improvement in LV contractility
fter time alignment of delayed segments by CRT, Lim et
l. (4) proposed a new strain delay index (SDI) based on
ongitudinal strain (LS) assessed by speckle tracking (ST)
nd compared it with a TDI-based index of dyssynchrony
SD of the time to peak velocity in 12 basal segments). The
DI was calculated as the sum of the difference between the
eak and the end-systolic LS for 16 myocardial segments.
he index seems based on the assumption that the time of
eak strain in segments with synchronous contraction will
e close to end systole, and thus peak strain will differ little
rom end-systolic strain and hence contribute little to the
ndex. Areas of scar will not contract (approximately 0 value)
nd thus will not represent wasted or potential recoverable
nergy and likewise will not contribute to the index. As a
esult, the index should represent predominately the post-
ystolic contraction of dysynchronous but functional (as
pposed to scarred) segments with higher index values
orresponding to greater wasted (and presumably recover-
ble) energy. In a derivation group of 65 patients, receiver-
perator characteristic curve data showed an optimal index putoff of 25% to predict a positive response to CRT
15% reduction in ESV at 3-month follow-up). In a
alidation group (n  35), the SDI was significantly higher
n responders (32  8%) than in nonresponders (20  5%),
nd an SDI 25% identified 82% of responders (18 of 22)
nd 92% of nonresponders (12 of 13). The SDI correlated
ith reverse remodeling (decrease in ESV) (r0.86, p
.0001 for all patients). As with the PROSPECT and
ETHINQ studies, the investigators found that TDI time
elay measurement failed to improve patient selection.
lthough conceptually intriguing, the practical application
f this index may be limited because of the inability to
btain adequate images in many patients (approximately
ne-third of patients in the derivation group had to be
xcluded), interobserver variability (20% in the validation
roup), sensitivity (18% of responders in the validation
roup would have been missed based on the derived
hreshold), and exclusion of patients with atrial fibrillation.
evertheless, this study reinforces the need to account for
he preservation of function in the area of dyssynchrony
nd its potential to contribute to overall ventricular function
ith appropriate timing of contraction. When combined with
ethods to more precisely align the pacing catheter with
he area of greatest energy loss, this type of measurement
ould provide a more robust approach to patient selection
or CRT (4).
The second factor that can lead to failure of response to
RT is the inability to position the LV pacing lead adjacent
o the area of greatest dyssynchrony because of the limita-
ion of cardiac venous anatomy. In a study designed to
ompare the clinical and echocardiographic response to
RT in patients with concordant (LV lead placement
djacent to the area of latest mechanical activation) versus
iscordant (lead was placed outside this area) lead place-
ent, Ypenburg et al. (5) followed up 257 patients for a
ean of 32 months after CRT. The site of the latest
echanical activation was determined from midventricular
hort axis radial strain (RS) curves (ST) and was most
requently located in the lateral (33%) and posterior (36%)
alls. Lead placement was concordant with the site of latest
ctivation in 63% of patients and discordant in 37%. After
months of CRT, patients with concordant LV leak
osition showed significant improvement in echocardio-
raphic parameters (LV end-diastolic volume, LVESV,
F). In contrast, patients with a discordant LV lead
osition showed no significant improvement in LV volumes
r EF. Event-free survival for the primary clinical end
oints (death, hospitalization for HF, and transplantation)
ere quite similar for up to 24 months; however, longer
ollow-up showed worse outcome (3-year event-free sur-
ival) in patients with discordant lead placement, 57%
ersus 78% in the concordant group (5). Thus, to truly
etermine the sensitivity and specificity of echo-Doppler
ethods to predict response to CRT (as opposed to
dentifying DYS), future studies will need to account for the
resence of scar and appropriateness of lead placement.
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Year in Echocardiography April 28, 2009:1558–67nfortunately this will not correct for measurement vari-
bility or eliminate the patients with severe HF who do not
eet criteria for mechanical DYS and yet respond to CRT.
peckle Tracking for CRT
iven the limitation of TDI in identifying responders to
RT, alternative methods have been examined. Several
rior studies have suggested that the time of peak strain by
T might offer an alternative method for assessing dys-
ynergy, although the results have been inconsistent (6,7).
o examine this question further, Delgado et al. (8) studied
61 patients with HF (NYHA functional class III or IV),
F 35%, and QRS duration 120 ms before and 6
onths after CRT. Time to peak LS, RS, and circumfer-
ntial strain (CS) was assessed by ST in the apical 2- and
-chamber (LS) and the parasternal short axis (mid-
apillary muscle) views (RS and CS). For each type of
train, the maximum time delay between peak systolic strain
n 2 of the 6 recorded segments and the SD of the time to
eak strain was calculated. The RS could be calculated by
T in 90% of segments, CS in 85%, and LS in 79%. At 6
onths, 55% of patients were classified as responders
reduction in LVESV 15%). For RS, the septal–posterior
all delay (S-P) and the SD of the time to peak radial
SD-t6s) were significantly larger for responders compared
ith nonresponders. However, there was no significant
ifference in CS or LS between groups. There was a weak
ut significant correlation between time to peak wall delay
r 0.41) and SD-t6s by RS (r 0.26) and decrease in ESV.
cutoff value for radial dyssynchrony (S-P delay) of 130
s was able to predict response to CRT with a sensitivity of
3% and a specificity of 80%, whereas the optimal cutoff for
D-t6s of 76 ms yielded a sensitivity of 77% and a specificity
f 60%. A higher value of baseline radial DYS corresponded
ith a larger reduction in LVESV after 6 months of CRT.
n addition, a significant decrease in the extent of LV
yssynchrony measured with RS was shown only with
esponders. In contrast to the prior studies, responders also
howed more baseline LV DYS than nonresponders by TDI
maximal difference among 4 basal segments). Using a cutoff
f 65 ms yielded a sensitivity and specificity for response of
1% and 63%, respectively. This study shows that evaluation
f DYS using ST strain analysis is feasible and that
ubstantial DYS is present in all 3 deformation types (LS,
S, and RS) in CRT candidates with depressed LV
unction and dilated cardiomyopathy. However, only base-
ine RS patterns were able to identify potential responders
o CRT (8).
orsion
he magnitude and rate of twisting of the ventricle as it
ontracts (torsion) and the subsequent untwisting during
elaxation have been topics of interest for the past several
ears. The primary focus has been on the rate of untwisting,
hich several reports suggest correlates with tau (), the dime constant of LV relaxation, and thus might offer an
mproved noninvasive measure of diastolic function. In an
xperimental study to examine the relationship of untwist-
ng, relaxation (), and early diastolic intraventricular pres-
ure gradients (IVPGs) (diastolic suction), Notomi et al. (9)
xamined the sequence of events that occurs during early
iastole (encompassing isovolumic pressure decay and rapid
V filling) in the normal LV at baseline, during RV and LV
acing, and during dobutamine and esmolol infusion. They
bserved that peak twisting coincided with end systole,
ollowed in sequence by the peak untwisting rate, which
oincided with mitral valve opening, the peak rate of LV
ong axis relengthening and short axis expansion, and the
eak IVPG, which occurred after both mitral valve opening
nd peak untwisting rate. This was followed by the peak
itral E-wave. Repeated-measures regression models
howed moderately strong correlations between peak LV
wisting with peak untwisting rate (r  0.74), the time
onstant of LV pressure decay () (r  0.66), and IVPG
r  0.76, p  0.0001 for all). Interestingly, RV pacing
aused a decrease in peak torsion from 6.6°  3.4° to 2.7° 
.1° and in peak untwisting velocity 0.99  0.20 rad/s to
.47 0.32 rad/s, but no significant change in end-diastolic
olume, ESV, or EF (9).
In another study, Wang et al. (10) examined the relation-
hip between the LV untwisting rate (UR) and diastolic
unction in a combined experimental and clinical study. In
he experimental studies, LV untwisting rate (°/s) showed
he best correlation with ESV (r  0.8). At baseline,
nferior vena caval occlusion led to a significant decrease in
SV and an increase in UR without a significant change in
. Conversely, in experimental stages in which LVESV was
onstant, LV URs were similar despite large and significant
ifferences in . Thus, although no correlations were given,
here did not seem to be a significant relationship between
R and . In the clinical study, the investigators compared
ormal subjects with patient groups with systolic dysfunc-
ion and diastolic dysfunction with normal EFs. The LV
wist and twisting rate were no different from that of control
ubjects in patients with isolated diastolic dysfunction but
ere significantly reduced in patients with systolic dysfunc-
ion. Likewise, the UR was similar in patients with isolated
iastolic dysfunction and normal control subjects, but it was
educed in patients with systolic dysfunction. In patients
ith systolic HF, UR was related to  (r  0.78), but this
as not the case in patients with isolated diastolic HF, in
hom the correlation between UR and  was r  0.29,
 0.15. Thus, although UR seems to have a consistent
elationship with twist and ESV, its relationship to  is
uch less certain (10).
The relationship between torsion and LV function has
een examined in several other conditions. In a study
omparing 5 patients with congenital total absence of the
ericardium with 10 control subjects, there was no signifi-
ant difference in EF, LS, RS, or CS or systolic and early
iastolic strain rates between the 2 groups. However, LV
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April 28, 2009:1558–67 Year in Echocardiographyorsion was markedly decreased in patients with pericardial
efects compared with the normal group (approximately
.5° vs. 20.5°) (11). Although the normal values for torsion
n this study are quite high, the data raise further questions
bout the obligate linkage between LV torsion and LV
unction. In another recent study, Pettersen et al. (12)
howed that torsion was absent in the systemic right
entricle in patients with transposition of the great vessels
ho underwent the Senning procedure despite preserved
ystolic and diastolic function.
Taken together, this combination of data from controlled
xperiments, clinical studies, and experiments of nature
dentifies a variety of circumstances in which torsion is not
irectly connected to or does not track changes in LV
ystolic or diastolic function. Thus, although torsion may
mprove the efficiency of LV contraction (13), the presence
f torsion does not seem essential for the ventricle to
unction normally, nor can it be used as a measure of systolic
r diastolic function in all settings. As Notomi et al. (9)
oint out in their conclusion, “this study demonstrates the
orrelations between and temporal succession of, isovolumic
ressure decay, LV untwisting, and IVPG but does not address
cause and effect relationship between these phenomena.”
peckle Tracking
ccuracy in defining local function during dobutamine
tress echocardiography. Data supporting the accuracy of
-dimensional ST for determining the magnitude and
iming of strain for the assessment of resting myocardial
unction has prompted interest in the use of this method to
uantify regional function during dobutamine stress echo-
ardiography (DSE). However, because the frame rates of
T images used to derive strain data are relatively low (40 to
0 frames/s), there is concern that strain rates may not be
ccurate at the higher heart rates associated with stress (14).
o evaluate the potential of ST to detect ischemia during
SE, Reant et al. (15) compared LS, CS, and RS by ST
ith sonomicrometer-assessed strain in an ovine model of
ow limiting stenosis (FLS) and non–flow limiting (reduc-
ion in hyperemic response) stenosis (NFLS). Although a
oderately good correlation was noted between sonomi-
rometry and ST-derived strain at rest and during dobut-
mine infusion for all strain measures, the slopes were
elatively flat, varying from 0.80 for LS at rest to 0.38 for CS
uring dobutamine. At rest, FLS 25% significantly reduced
S (approximately 27%), whereas FLS 50% further de-
reased LS while also decreasing CS (approximately
26%). The RS was not significantly reduced at rest (by the
rinciple of conservation of mass, it is difficult to understand
ow resting CS and LS could decrease in response to a 25%
nd 50% flow-limiting stenosis and RS fail to do so; further,
he resting correlation between ST-derived RS with
onomicrometer data was only r 0.56 with a slope of 0.48,
he interobserver and intraobserver variability for RS was
pproximately 15%, and fewer data points could be ana- cyzed, raising questions about the accuracy of the method to
easure RS in this model). The effects of coronary stenosis
n different strains were more pronounced during dobut-
mine infusion, NFLS 70% induced a significant reduction
n LS (approximately 17%) and CS (approximately 17%)
ut not in RS. The FLS 50% significantly decreased LS
approximately 39%), CS (approximately 26%), RS (approx-
mately 28%), and wall thickening (approximately 29%).
hus in this open chest model ST was able to detect
irectionally similar changes to those observed by sonomi-
rometry in LS, CS, and RS, and was sensitive to FLS both
t rest and during dobutamine infusion (15).
etection of viability and improvement in function after
evascularization. In another study, Becker et al. (16)
ompared ST with contrast-enhanced magnetic resonance
maging (ceMRI) for detecting viability and improvement
n cardiac function after revascularization (either percutane-
us transluminal coronary angioplasty or bypass surgery) in
3 patients in sinus rhythm with chronic ischemic heart
isease. Peak RS and CS were determined from short-axis
rayscale images at the base, mid-ventricle, and apex (16
egments) and compared with the percent hyperenhance-
ent by ceMRI for the same segments. Functional recovery
or segments (1 grade) was determined visually by com-
arison of echocardiographic images, whereas global recov-
ry was defined as an increase in EF of 5%. Image quality
as adequate for echocardiographic analysis in 91% of
egments. Of 463 dysfunctional segments at baseline, 227
egments (49%) showed functional recovery at follow-up (9
2 months) and 236 (51%) did not. A peak systolic RS
17.2% had a sensitivity of 70.2% and a specificity of 85.1%
o predict segmental functional recovery. When all initially
ysfunctional segments were analyzed and quintiles of peak
train were considered, the percent showing improved
ontractility decreased progressively as the peak RS de-
reased. Thus, contractility increased after reperfusion in 82
f 93 segments (88%) with peak systolic strain 22.9% but
n only 3 of 64 segments (5%) with peak systolic RS5.5%.
similar pattern was noted for percent hyperenhancement
y ceMRI with contractility increasing in 117 of 140 segments
84%) with no hyperenhancement and in only 1 of 50 seg-
ents (2%) with hyperenhancement involving75% of tissue.
sing receiver-operator characteristic–defined cutoff points of
17.2% for peak systolic RS and 43% hyperenhancement to
efine viability, an increasing extent of dysfunctional but viable
yocardium before revascularization correlated with a greater
mprovement in ejection fraction after revascularization (r 
.75 for RS, r  0.77 for ceMRI). There were no significant
ifferences between the 2 techniques in the prediction of
unctional segmental or global recovery (16).
DI
ffects of valve closure on the longitudinal velocity
rofile. The TDI myocardial velocity recordings from the
ardiac apex typically contain a positive systolic shortening
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Year in Echocardiography April 28, 2009:1558–67ave (S-wave) and negative displacements representing LV
engthening during early filling (E-wave) and atrial contrac-
ion (A-wave). In addition, there are 2 periods of rapid
scillation or spikes just before and just after the ejection
ave (Fig. 1). Although several mechanisms have been
roposed to explain these spikes, the exact mechanism has
emained undefined. In a series of experimental studies,
emme et al. (17) showed that myocardial shortening
tarted 20  10 ms before mitral valve closure and was
rrested by mitral valve closure. Similarly, myocardial
engthening started 31  15 ms before aortic valve closure
nd was interrupted at the time of aortic valve closure.
revention of mitral and aortic valve closure by stenting
bolished the pre- and post-ejection spikes, respectively.
tudies in patients with severe mitral and aortic regurgita-
ion showed that the respective pre- and post-ejection spikes
ere reduced after valve replacement. The previously sug-
ested alternative mechanisms of asynchronous onset of
ontraction/relaxation and atrioventricular interaction were
nvestigated as possible causes of velocity spikes in animals
nd patient groups but were found implausible (17). Thus,
he pre-ejection spike seems to be caused by initial LV wall
hortening and displacement of blood toward the mitral
alve that is arrested by mitral valve closure, whereas the
ost-ejection spike is similarly caused by early relaxation of
he LV that was arrested by aortic valve closure.
stimation of LV filling pressure in advanced heart
ailure. Prior studies have reported that the ratio of the
arly transmitral filling velocity to the TDI mitral annular
arly diastolic velocity (E/Ea) correlates with the pulmonary
apillary wedge pressure (PCWP) in a variety of conditions.
o examine the relationship between E/Ea and PCWP in a
roup of patients with advanced decompensated heart
ailure (ADHF), Mullins et al. (18) studied 106 patients
ith LVEF 30% (mean 24  8%) and NYHA functional
lass III or IV undergoing right heart catheterization. The
Figure 1 Tissue Doppler Recording of Septal Motion
Arrow 1 illustrates the pre-systolic spike, and arrow 2
indicates the spike occurring immediately after the ejection wave.pnvestigators found no correlation between PCWP and
itral Ea in either the septal or the lateral annulus or when
veraged over both annular regions. Likewise, there was no
ignificant correlation between the mitral E/Ea ratio (using
he septal, lateral, or mean Ea) and PCWP (r  0.18, p 
.07). The sensitivity and specificity of a mitral E/Ea ratio
15 to identify a PCWP 18 mm Hg were 66% and 50%,
espectively. The predictive value was similar when patients
ith atrial fibrillation were excluded. However, a mitral
/Ea ratio 15 provided better accuracy in predicting
CWP 18 mm Hg in patients without prior CRT device
mplantation (51%) than in those with a device (sensitivity
2% vs. 59%, specificity 54% vs. 52%). To determine the
otential importance of a cutoff value for E/Ea, patients
ere divided into those with E/Ea ratios 8, 8 to 15, and
15; however, PCWPs were similar for each group (19 
mm Hg, 19  7 mm Hg, and 20  6 mm Hg,
espectively). Follow-up studies were obtained in 49% of
atients, and there was no correlation between absolute
hange in PCWP and change in mitral E/Ea ratio. The
nvestigators observed discordance between the mitral E/Ea
atio and PCWP to be linked to larger LV dimensions,
ore impaired cardiac output, and the presence of CRT.
hey conclude that their “observations underscore the need
or refinement in the broad clinical use of the mitral E/Ea
atio to estimate filling pressures and caution against the
irect inference of such relationships in patients in the
ecompensated state with significant LV systolic dysfunc-
ion, cardiac remodeling, or biventricular pacing” (18).
ulsed Doppler: Restricted Filling Pattern
rognosis in acute myocardial infarction (AMI). A re-
trictive filling pattern (RFP) by pulsed Doppler assessment
f mitral inflow (high peak E-wave, increased E/A ratio,
hort deceleration time) has been shown in several studies to
e a predictor of poor outcome in patients with AMI.
owever, these studies have been limited by small sample
ize and low event rates, which preclude a definite conclu-
ion as to the independent importance of an RFP when
verall LV function is preserved. As a result, the Meta-
nalysis Research Group in Echocardiography (MeRGE)
ndertook an individual patient meta-analysis to determine
hether RFP is predictive of mortality independent of
VEF, ESV index, and Killip class in patients after AMI
19). A total of 3,396 patients from 12 prospective studies
ere analyzed. Patients with RFP were characterized by a
ore frequent history of diabetes, prior AMI, hyperlipid-
mia, higher Killip class, anterior MI, larger LV volumes,
nd lower LVEF. During follow-up (no-RFP median 
,060 days; RFP median  1,072 days), 192 patients (29%)
ith RFP and 307 (11%) without RFP died (hazard ratio
.67; 95% confidence interval: 2.23 to 3.20; p 0.001). The
FP was associated with a higher all-cause mortality inde-
endent of age, sex, LVEF, ESV, or Killip class. The overall
revalence of RFP was 20%, but was highest (36%) in the
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April 28, 2009:1558–67 Year in Echocardiographyuartile with the lowest LVEF (39%) and lowest (9%) in
he quartile with the highest LVEF (53%). The 90%
urvival times were shortest in the lowest EF group, but
ithin each quartile, survival time was markedly reduced
hen patients with restrictive filling were compared to those
ith nonrestrictive filling. When diabetes, current medica-
ion, and prior MI were included in the model, RFP
emained an independent predictor of outcome. Thus,
lthough patients with a low LVEF and dilated ventricle
ave a poor prognosis, this study suggests that an RFP
elps identify higher-risk patients even within these
roups as well as identifying higher-risk patients with
ormal LVEF (19).
ccurrence of a restrictive filling pattern as a result of
olume loading with normal LV function. Although an
FP is generally associated with impaired LV diastolic
unction with an elevated LA pressure, it has been ques-
ioned whether a similar pattern may occur with an increase
n LA pressure simply because of rapid volume loading
RVL) of the LV. To examine this question, Masutani et al.
20) studied the LV filling patterns in conscious dogs with
similar elevation in LA pressure caused by either RVL or
acing-induced HF with RFP. The LA pressure and heart
ate were similar after volume loading and HF. In both cases
he peak E was higher than in normal control subjects, the
/A ratio was similarly elevated, and the deceleration slope
as similarly steep. Thus, both showed RFP. Other fea-
ures, however, permitted differentiation, including a
horter deceleration time in HF than RVL, an E= that was
educed in HF but increased in RVL, and a delay in E=
elative to E in HF. Of note, despite similar LA pressures
mean LA pressures [mm Hg] for control  7.1, VL 
2.1, HF  22.6) there was a 93% mean increase in the
/E= ratio with HF compared with only a 40% increase
ith VL, raising questions about the value of this ratio in
redicting LA pressure in the setting of normal diastolic
unction.
ontrast Echocardiography
afety of contrast echocardiography. In October 2007,
he U.S. Food and Drug Administration announced a new
black box” warning for the perflutren-containing ultra-
ound contrast agents Optison (GE Healthcare, Bucking-
amshire, United Kingdom) and Definity (Bristol-Myers
quibb Medical Imaging, Billerica, Massachusetts) stating
hat their use was contraindicated in patients with acute
oronary syndromes, AMI, and worsening or unstable HF.
hese warnings followed post-marketing reports of 4 deaths
hat were temporally related but not clearly attributable to
ontrast agents because any or all could reasonably have
een caused by the patients’ underlying conditions. These
oncerns, although appropriate, would have severely limited
he use of echo contrast in situations in which it might be
ost necessary. In addition, the contraindications seemednconsistent with the initial safety data accumulated before iroduct approval and the widespread and seemingly safe use
f contrast (agitated saline and commercially prepared
icrobubbles) by the echocardiographic community. Even
f all of the reported events occurred as a direct result of the
ontrast administration (which is unlikely given the under-
ying disease in these cases), the risk of death would be
:500,000 based on reported events and doses administered
ince product approval. Given a mortality rate this low, it
ould be practically impossible to perform a prospective
andomized trial to address mortality; however, the warning
id prompt several studies to look at the safety of echo
ontrast in general. In 1 study, Kusnetzky et al. (21)
ompared the death rates within 24 h after echocardiogra-
hy for 18,671 patients studied between January 2005 and
ctober 2006 in the St. Luke’s health system, Kansas City,
issouri. Death within 24 h for patients undergoing
chocardiography without Definity (n 12,475) was 0.37%
ompared with 0.42% for those receiving Definity (n 
,196) (p  0.60), despite evidence of higher acuity and
ore comorbid conditions in patients receiving contrast.
here were no deaths within 1 h of contrast injection (21).
n a second retrospective study echocardiography and gen-
ral ultrasound laboratories known to have a high volume of
ontrast use in the U.S. and Canada were invited to submit
ata via an online questionnaire. Of the 33 sites invited to
articipate, 12 cardiac laboratories and 1 general ultrasound
aboratory provided the requested data including the compli-
ations associated with 78,383 contrast doses (66,164 Definity
nd 12,219 Optison). Severe reactions that were considered
robably related to an ultrasound contrast agent (Definity)
ccurred in 8 patients (0.01%), all of whom were outpatients,
ith 4 of these consistent with anaphylactoid or complement
ctivation related pseudoallergy (CARPA) reactions. (CARPA
as many features similar to immunoglobulin-E–mediated
ype-1 allergic reactions, including angioedema, broncho-
pasm, hypotension, hypoxemia, low back or lumbar pain,
nd urticaria. However, CARPA has some distinctive fea-
ures, including the development of reactions without prior
xposure to the allergen, tendency for reactions to decrease
n severity or disappear over time, and the potential for
pontaneous resolution [22]). All occurred with 30 min of
ontrast injection. There were no deaths, and all patients
ecovered with treatment. No serious events were seen in
npatients, including over 10,000 administrations given to
cutely ill patients in intensive care settings or those with
cute chest pain of suspected cardiac origin (22). Although
uch studies have the obvious potential for referral bias, the
ata are consistent with the general clinical experience and
uggest that the incidence of severe adverse reactions to
ltrasound contrast agents is no greater, and may be lower,
han that reported for contrast agents commonly used in
ther cardiac imaging tests (22).
olecular imaging. There is growing interest in the de-
elopment of methods using echocardiographic contrast to
mage disease at the level of its cellular and/or molecular
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Year in Echocardiography April 28, 2009:1558–67ediators. Molecular imaging with contrast-enhanced ul-
rasound relies on the detection of novel site-targeted
icrobubble contrast agents that are retained within or bind
o specific components of a disease process, thereby allowing
henotypic characterization. Most prior studies have used
icrobubbles targeted to a single molecular receptor to
dentify its presence and concentration. However, by target-
ng multiple receptors it might be possible to analyze more
omplex molecular and cellular processes. To examine the
nflammatory responses that contribute to vascular remod-
ling during tissue repair or ischemia, Behm et al. (23) used
ultiple contrast agents separately targeted to endothelial
ascular cell adhesion molecule-1, complement receptors
xpressed preferentially by activated neutrophils, and the
bronectin receptor (31) on monocytes to study the
iming of endothelial cell activation and inflammatory cell
ecruitment during vasculogenesis and ischemia-mediated
ngiogenesis in models of chronic ischemia. When com-
ined with contrast perfusion imaging, this allowed the
olecular events to be temporally related to new vessel
ormation and increased blood flow and showed the poten-
ial for studying how vascular remodeling can be modulated
or therapeutic effect (23). Although these techniques are
learly still in the early phase of development and it remains
o be determined whether similar data would be obtainable
n patients with less favorable windows and greater back-
round noise from tissue and circulating bubbles, the
otential of such methods is enormous (24).
asa vasorum imaging. Another area of ongoing interest
s the development of methods to assess the atherosclerotic
laque neovascularization (increased vasa vasorum) that
eems essential for plaque growth, accompanies inflamma-
ion, and has been associated with plaque vulnerability and
ymptomatic disease (25,26). In a study comparing contrast
chocardiographic imaging of carotid plaques with surgical
ndarterectomy samples, Coli et al. (25) examined 52
laques from 32 patients. Plaques with more intense con-
rast enhancement showed a significantly greater degree of
eovascularization by histology. In contrast, there was no
orrelation between the degree of stenosis and contrast
nhancement. When plaques where characterized as
cholucent or echogenic, a positive correlation between
cholucency and more intense neovascularization was still
resent. Although early, the development of a technique to
tudy human plaque neovascularization in vivo through
irect visualization of the vasa vasorum may allow the
ssessment of the response to antiatherosclerotic therapies
nd improve risk stratification (25).
In another study, the extent of microvascular damage de-
ected and quantitated by myocardial contrast echocardiogra-
hy was the most powerful independent predictor of LV
emodeling after ST-segment elevation myocardial infarction
ompared to ST-segment elevation, Thrombolysis In Myocar-
ial Infarction flow grade, or myocardial blush grade (27). ratent Foramen Ovale and Migraine
number of case-control studies have noted an association
etween PFO and migraine and a reduction in headache
requency has been reported following percutaneous PFO
losure in uncontrolled studies. To examine the association
f PFO and migraine in an urban, population based,
ultiethnic cohort, Rundek et al. (28) studied 1,101 stroke
ree subjects from the ongoing NOMAS (Northern Man-
attan Study) study. The prevalence of PFO and migraine
self-reported) were 15% and 16%, respectively. The prev-
lence of PFO was not significantly different between
ubjects who had migraine (26 of 178 or 14.6%) and those
ho did not (138 of 923 or 15%, p 0.9). PFO was slightly
ore prevalent in migraine with aura (19%) than in mi-
raine without aura (11%) but this did not reach statistical
ignificance (p  0.42). The lack of association was not
odified by age or sex. While raising important questions
bout the association of PFO and migraine, the study has
everal limitations. First, the population is older (mean age
9  10 years) so that a potential association in younger
atients cannot be excluded. Second, the prevalence of PFO
s lower than expected, which may reflect the use of
ransthoracic echo with relatively strict timing criteria (3
ardiac cycles) for bubble appearance on the left side.
owever, failure to detect small defects was presumably
venly distributed between groups. Finally, the self-
eporting of migraine could lead to potential misclassifica-
ion. The results however are consistent with those of the
IST (Migraine Intervention with STARFlex Technol-
gy) trial that randomized 147 patients to percutaneous
FO closure or a sham procedure and showed no benefit in
he primary end point—cessation of headache—at 6
onths (29).
alvular Heart Disease
ssessment of mitral regurgitation. The proximal iso-
elocity surface area (PISA) has been widely used as a
uantitative method for measuring the effective regurgitant
rifice area (EROA) and mitral regurgitant stroke volume
MRSV) in patients with mitral regurgitation. This method
ssumes that flow approaches the orifice in an unconstrained
anner and that there is a point orifice so that the
treamlines of flow form a series hemispheric isovelocity
urfaces as they approach the orifice. Measurement of the
elocity and area of any surface in theory permits determi-
ation of the flow through the orifice (MRSV) and the
ROA. Use of a single such surface to calculate the EROA
lso assumes that the orifice is constant throughout systole.
nfortunately, 1 or more of these assumptions may not be
atisfied in individual patients. In a study to examine the
ffects of variations in mitral regurgitant flow rate (MRFR)
nd EROA on MRSV, Buck et al. (30) compared 4
ifferent single-point and time-integrated PISA methods
ith similar MRI-derived data in 73 patients with mitral
egurgitation (MR) of different etiologies. The MRSV was
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April 28, 2009:1558–67 Year in Echocardiographyalculated from the apical 4-chamber view using 4 PISA
ethods: 1) the standard PISA approach in which the peak
RFR multiplied by the ratio of the velocity time integral
o the maximum velocity equals the MRSV; 2) a simplified
ISA formula multiplying single-point MRFR by an em-
irical factor of 3.25; 3) a time-integral PISA by the sum of
erial PISA MRFR; and 4) a time-integral PISA from color
-mode recordings. Over all patients and mechanisms of
R, M-mode PISA correlated best with MRI with the
mallest mean error (r 0.88, SEE 4.8, mean error8.0
6 ml) followed by serial PISA (r  0.83, SEE  5.9 ml,
ean error 8.7  7.4). For PISA-VTI, the values were r
0.64, SEE 7.4 ml, mean error13.3 10.2 ml; and
or simplified PISA methods they were r  0.63, SEE 
.4 ml, mean error 13.5  10.3 ml. The investigators
ccount for the systematic underestimation of MRSV by
ailure to account for the hemielliptic shape of many PISA
ets (31). However, as they also note, there has been limited
alidation of the MRI method; therefore, although the data
egarding the relative accuracy of these PISA methods are
ndoubtedly correct, the absolute differences may vary.
In another study, Matsumura et al. (32) sought to correct
or the hemielliptical shape of the PISA as determined by
eal-time 3-dimensional echocardiography (RT3DE) in
atients with functional MR using a computer program that
ncluded the horizontal width of the PISA along with 3
qually spaced vertical widths and radial dimensions. When
ompared with echo Doppler estimates of regurgitant vol-
me, this 3-dimensional correction underestimated the
egurgitant orifice area by only 26%, compared with 49% for
he standard hemispheric measure. Future studies account-
ng for variability in both the spatial and temporal variability
f the PISA will be required to ultimately determine the
otential accuracy of this method (30).
Although PISA estimates the EROA based on the
onfiguration and velocity of the flow stream approaching
he orifice, a simpler alternative approach has been to use the
iameter of the vena contracta of the flow exiting the regur-
itant orifice as a measure of the EROA. Use of a single
iameter again assumes a circular orifice, and the often com-
lex shape of the regurgitant orifice, particularly in patients
ith functional MR, can invalidate this assumption. In a study
f 57 patients with mild to severe MR of different etiologies,
ahlert et al. (33) compared the shape and size of the vena
ontracta by RT3DE with the 2-dimensional vena contact
easured from apical 2- and 4-chamber diameters assuming
ircular and elliptical shapes. The RT3DE en face views of the
ena contracta were successfully obtained in all patients. The
ena contracta was noncircular in the majority of patients, with
he ratio of the major to minor dimension averaging 1.18 
.18 in the degenerative MR group, 1.58  0.46 in the MVP
roup, and 2.87  1.05 in the function MR group. Correla-
ions of 2-dimensional vena contracta width in the apical 2-
nd 4-chamber views with the 3-dimensional area were mod-
st, with the best correlation being obtained between the mean
-dimensional vena contracta width and the 3-dimensional orea (r  0.90) with the smallest difference between the 3
ifferent etiologies. There was a good correlation between
ena contracta area by RT3DE and EROA by PISA using
he hemispheric assumption (r  0.93); however, there was
ignificant underestimation of EROA by the PISA method
y  0.62x  0.04), particularly in patients with MVP and
unctional MR. Taking into account the hemielliptical
hape of the PISA yielded a better correlation with VAC by
T3DE (r  0.96) with less underestimation (y  0.77x 
.06). These data raise questions about current cutoff values
or the severity of EROA by both PISA and vena contracta
idth. Although in the study by Buck et al. (30) (vide supra)
he same group emphasized the importance of correcting for
he temporal variation in PISA, such correction was not
sed in this study.
icuspid Aortic Valve
icuspid aortic valve is the most common congenital cardiac
bnormality and is associated with a variety of complica-
ions, including aortic stenosis, insufficiency, and endocar-
itis. Bicuspid aortic valve is also associated with aortic
ilation, which can progress to aneurysm formation and
issection. Because of the prevalence and potential compli-
ations of bicuspid aortic valve, an understanding of its
atural history is important. Unfortunately, most data to
ate come from autopsy series or referral populations and
ence are subject to selection bias. To examine the natural
istory in a community setting, Michelena et al. (34)
tudied 212 asymptomatic community residents (age 31 
0 years, 65% male, EF 50%) with no or mild aortic
tenosis or regurgitation who were followed up for 15  6
ears. Three patients died of aortic valve disease (aortic
tenosis [n  1], aortic regurgitation [n  1], and endo-
arditis [n  1]). Overall survival was 97  20% and 90 
%, at 10 and 20 years, identical to the general population.
hirty-eight patients required aortic valve replacement (se-
ere AS [n  26], severe AR [n  6], mixed valve disease
n  2], moderate valve disease with severe aortic dilatation
n  3], and subacute bacterial endocarditis [n  1]) with
20-year aortic valve surgery incidence of 24  4%; 8
atients required coarctation repair (20-year rate 4  1%);
nd 8 patients required surgery for ascending aortic dilata-
ion or aneurysm (20-year rate 5  2%). Ascending aorta
ilatation (40 mm) was noted in 15% at baseline and 39%
t follow-up. No patient developed aortic dissection. During
ollow-up, congestive heart failure (CHF) occurred in 10
atients (7  2%), 4 patients developed subacute bacterial
ndocarditis, and there were 5 strokes. New cardiovascular
ymptoms (dyspnea, syncope, or angina) occurred in 41
atients (26  4% at 20 years). Comparison to the general
opulation showed that although CHF rates were roughly
imilar, CHF occurred at an earlier age. However, the rate
f aortic valve surgery was considerably higher and valve
eplacement occurred at an earlier age. Only age and degree
f valve degeneration (thickening, calcification, and/or re-
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Year in Echocardiography April 28, 2009:1558–67uced mobility) at the initial examination were multivariate
redictors of future cardiac events. Ascending aortic diam-
ter40 mm at baseline predicted subsequent aortic surgery
ndependent of age and sex. Thus, despite relatively normal
emodynamics at baseline, the presence of valve degenera-
ion indicates a poorer prognosis related primarily to pro-
ression of aortic stenosis (34).
In summary, reassessment and re-evaluation are essential
n the evolution of diagnostic techniques. This is particularly
mportant with techniques such as echocardiography in
hich: 1) methods that are validated and results reported in
n vitro models and animal experiments are often difficult to
eproduce in the more demanding clinical environment;
) differences noted between selected groups in initial
tudies are less definitive when applied to the general
opulation; and 3) assumptions inherent in quantitative
echniques are often ignored when applied clinically. These
ifficulties are compounded when using methods that report
uantitative data either directly or graphically from images
parametric imaging) but in which the underlying methods
nd calculations are invisible to the operator. However, with
ime, problems are identified and uses refined so that the
mportant clinical and research question can be appropri-
tely addressed.
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